Aims We aimed to explore the burden of frequent premature ventricular contractions (PVCs) associated with myocardial dysfunction in patients with outflow tract arrhythmia (OTA). We hypothesized that this threshold is lower than the previously suggested threshold of 24 000 PVCs/24 h (24%PVC) when systolic function is assessed by strain echocardiography. Furthermore, we aimed to characterize OTA patients with malignant arrhythmic events. Methods and results We included 52 patients referred for OTA ablation (46 ± 12 years, 58% female). Left ventricular global longitudinal strain (GLS) and mechanical dispersion were assessed by speckle tracking echocardiography. A subset underwent cardiac magnetic resonance imaging. PVC burden (%PVC) was assessed by Holter recording. Sinus rhythm QRS duration and PVC QRS duration were recorded from electrocardiogram, and the ratio was calculated (PVC QRS duration / sinus rhythm QRS duration). Median %PVC was 7.2 (0.2-60.0%). %PVC correlated with GLS (R = 0.44, P = 0.002) and with mechanical dispersion (R = 0.48, P < 0.001), but not with ejection fraction (R = 0.22, P = 0.12). %PVC was higher in patients with impaired systolic function by GLS (worse than À18%) compared with patients with normal function (22% vs. 5%, P = 0.001). Greater than 8%PVC optimally identified patients with abnormal GLS (area under the curve 0.79). Serious arrhythmic events occurred in 11/52 (21%) patients characterized by high QRS ratios (1.56 vs. 1.91, P < 0.001). Conclusions More than 8%PVC was associated with impaired systolic function by GLS, which is a lower threshold than previously reported. Patients with serious arrhythmic events had higher QRS ratios, which may represent a more malignant phenotype of OTA.
Introduction
Premature ventricular contractions (PVCs) are a frequent complaint in the adult population and a common cause of cardiological referral. Frequent PVCs, non-sustained ventricular tachycardia (NSVT), and ventricular tachycardia (VT) occurring in the absence of structural heart disease, channelopathy, and metabolic disturbances are defined as idiopathic ventricular arrhythmias. These arrhythmias most commonly arise from the ventricular outflow tracts. More than 80% of outflow tract arrhythmias (OTAs) originate from the right ventricular (RV) outflow tract (RVOT) and are characterized by a dominating left bundle branch block configuration and inferior electrical axis on the electrocardiogram (ECG). 1 VTs originating from the outflow tract area are usually monomorphic, well tolerated, and rarely thought to cause syncope or sudden cardiac death. However, the notion of a benign disease has been repeatedly challenged. 2 Very frequent PVCs from the outflow tract area can impair myocardial function and may cause dilated cardiomyopathy. [3] [4] [5] [6] A PVC burden (%PVC) of >24% (almost one in four heartbeats, and approximately 24 000 PVCs in 24 h) has been associated with impaired myocardial function as measured by left ventricular (LV) ejection fraction (EF). 7 Strain echocardiography can detect early and subtle myocardial dysfunction and adds prognostic value in patients with cardiomyopathies. 8, 9 LV global longitudinal strain (GLS) is an accurate and sensitive marker of systolic dysfunction. 10, 11 Systolic dysfunction due to frequent PVCs has not been evaluated by GLS.
We aimed to identify the %PVC associated with impaired myocardial function in patients with idiopathic OTA. We hypothesized that the threshold is lower than previously suggested when impairment is measured by strain echocardiography. As a secondary objective, we wanted to explore ECG and imaging characteristics of the subset of OTA patients with serious arrhythmic events.
Methods

Population and clinical evaluation
We retrospectively included patients with OTA and frequent PVCs referred to the Department of Cardiology, Oslo University Hospital, Rikshospitalet, between 2011 and 2015.
Patients with monomorphic PVCs with left bundle branch block configuration and inferior electrical axis were included if 24 h Holter recordings and echocardiography prior to the ablation procedure was available. We excluded patients with underlying cardiomyopathy, channelopathy, overt structural heart disease, or polymorphic PVCs. In particular, we carefully excluded patients who fulfilled an arrhythmogenic right ventricular cardiomyopathy (ARVC) diagnosis according to the revised task force criteria of 2010. 12 Data from clinical examinations, history of syncope of suspected cardiac origin, comorbidities, and medications were recorded.
Written informed consent was given by all study participants. The study complied with the Declaration of Helsinki and was approved by the Regional Committees for Medical Research Ethics in Norway.
Electrocardiogram
On the 12-lead ECG, we manually measured the sinus rhythm (SR) QRS duration and the PVC QRS duration in the lead with the widest QRS complex. The QRS ratio was calculated by dividing the PVC QRS duration by the QRS duration of the preceding normally conducted sinus beat ( Figure 1) . A QRS ratio of ≥1.9 was defined as suggestive of an RVOT-free wall PVC origin, and a lower QRS ratio was suggestive of a septal Figure 1 Outflow tract arrhythmia on the electrocardiogram. Twelve-lead electrocardiogram of patient X with outflow tract arrhythmia and history of sustained ventricular tachycardia and syncope. There is dominating left bundle branch block morphology and inferior electrical axis of the premature ventricular contraction (PVC), and the QRS ratio, calculated by dividing the PVC QRS duration (C) by the sinus rhythm QRS duration (A), is > 1.9. This is suggestive of a right ventricular outflow tract-free wall PVC origin. By Holter recording, this patient had 33% PVCs. RVOT origin as previously described. 13 Furthermore, we considered an LV outflow tract PVC origin when the PVCs had an early precordial R/S transition, with R/S amplitude index >0.3 in V1 or V2. The coupling interval was measured from the initial Q/R wave of the preceding sinus beat to the Q/R start of the subsequent PVC (Figure 1) . ECG interpretations were blinded to clinical data.
Holter recording
A %PVC was assessed by a 24 h Holter recording performed at the same clinical visit as the echocardiography, and was expressed as the percentage of PVCs to total recorded beats. Sustained and non-sustained VTs were categorized as present or absent, defining sustained VT as lasting >30 s and NSVT as three or more consecutive PVCs ≥100 beats per minute, selfterminating within 30 s. 14 We defined serious arrhythmic events as sustained VT requiring acute medical attention or syncope of suspected cardiac origin, and recorded them retrospectively. Occurrence of NSVT alone without syncope was not defined as a serious arrhythmic event.
Echocardiography
Echocardiography was performed with Vivid 7 or Vivid E9 scanners (GE Healthcare, Horten, Norway) with offline data analysis (EchoPac® version 112 GE Healthcare) blinded to clinical data. Only loops from sinus beats with normal conduction were analysed. EF was calculated by modified Simpson's biplane method. An abnormal EF was defined as <52% in males and <54% in females. 15 LV dimensions were obtained in 2D mode, and a dilated LV was defined as LV internal diameter in diastole (LVIDd) >58 mm in males and >52 mm in females. 15 We further assessed myocardial function by speckle-tracking echocardiography-derived GLS defined as the peak longitudinal strain from three apical views averaged in a 16-segment LV model 10 ( Figure 2) . We defined GLS worse than À18% as abnormal, based on a previous meta-analysis which included 2597 subjects. 16 Mechanical dispersion was expressed by the standard deviation of the time from R on ECG to peak strain in 16 LV segments. 9 Measurements from the RV included proximal RVOT diameter from the parasternal short-axis view, basal RV diameter, tricuspid annular plane systolic excursion, 15 Figure 2 Global longitudinal strain. Echocardiographic strain curves from the three apical views of patient X with 33% premature ventricular contractions. Global longitudinal strain (GLS) was calculated as the average peak longitudinal strain in 16 left ventricular segments. Patient X had a GLS of À14.3%.
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and RV longitudinal strain (RVLS) calculated from three free wall RV segments. [17] [18] [19] Cardiac magnetic resonance imaging Cardiac magnetic resonance imaging (CMR) was performed in a subset of patients (n = 22) as a part of the clinical evaluation and exclusion of ARVC, using a 1.5 Tesla unit (Magnetom Sonata, Vision Plus or Avanto Siemens, Erlangen, Germany) with a phased array body coil as previously described. 20 LV
and RV volumes and EFs were recorded, as well as the presence of late gadolinium enhancement or contraction abnormalities.
Statistics
Parametric data were presented as mean ± standard deviation (SD) and compared by unpaired Student's t-test or χ 2 . %PVC and coupling interval were not normally distributed and presented as median (range) and compared by Mann-Whitney U test. We defined GLS worse than À18% as the primary endpoint of the study, and the occurrence of serious arrhythmic events as the secondary endpoint. Associations between %PVC and measures of LV and RV function were evaluated by linear regression-derived Pearson's correlation. Significant markers (P < 0.05) of GLS worse than À18% and of serious arrhythmic events in univariable analyses were analysed in multivariable logistic regression models, in addition to sex and age which were forced in (IBM SPSS statistics 21). Multicollinearity was observed between ECG parameters associated with serious arrhythmic events, and only the QRS ratio was included in multivariable analyses. Receiver operator characteristics (ROC) curves were constructed for the ability of %PVC to discriminate between patients with normal and abnormal myocardial function. Coordinates from the ROC curves closest to the upper left corner defined optimal cut-off values. All P-values were two-sided, and values <0.05 were considered statistically significant.
Results
Clinical characteristics
A total of 135 patients with frequent outflow tract PVCs and/or VT were referred for ablation therapy to the Department of Cardiology at Oslo University Hospital. Of these, 76 had both a Holter recording and an echocardiographic examination available prior to the ablation procedure. Fourteen patients were excluded because of a concomitant cardiovascular condition [eight fulfilled criteria for probable (>1 minor criterion) ARVC, two were pregnant, one had atrial fibrillation, one moderate to severe mitral regurgitation, one KCNH2 mutation, and one had preexcitation on ECG], and five patients were excluded because of ECG morphology not suggestive of OTA. In four patients, the echocardiographic examination was excluded because of bigeminal PVCs, and one patient was excluded due to poor echocardiographic image quality.
In total, 52 patients (age 46 ± 12 years, 58% female) were included ( Table 1) . Five patients had been admitted and treated for sustained VT, and four of these had also experienced cardiac syncope. Another six patients had syncope of suspected cardiac origin, of which three had NSVT. Thus, 11 patients had experienced serious events according to our definition. Thirty patients (58%) had documented NSVT.
Holter recordings and electrocardiogram
Resting heart rate was 64 ± 12 beats per minute. The median %PVC from Holter recordings was 7.2 (range 0.2-60.0%). %PVC was higher in patients with impaired systolic function by GLS (worse than À18%) compared with patients with normal function (22% vs. 5% P = 0.001). On 12-lead ECGs, mean PVC QRS duration was 145 ± 18 ms and the SR QRS duration was 90 ± 11 ms, generating a mean QRS ratio of 1.64 ± 0.28. Using the QRS morphology and ratio to suggest origin of the ectopy, nine patients had RVOT-free wall PVC origin and 41 had septal RVOT origin. Two patients had ECGs suggestive of LV outflow tract arrhythmia.
Myocardial function and premature ventricular contraction burden
Mean EF in all patients was 56 ± 6%, and GLS was À20.2 ± 2.8%. %PVC was a marker of worse GLS, independently of age, sex, EF, LVIDd, and body surface area. By ROC analyses, a %PVC >8 optimally detected patients with a GLS worse than À18%, with a sensitivity of 87% and specificity of 70%, and an area under the curve (AUC) of 0.79 [95% confidence interval (CI) 0.66-0.92] ( Table 2) . %PVC >10 optimally detected patients with abnormal EF (<52% and <54%) (AUC = 0.75, 95% CI 0.62-0.89). %PVC could not identify an abnormal LVIDd (AUC = 0.65, 95% CI 0.49-0.80).
There was a moderate, significant correlation between higher %PVC and worse GLS (R = 0.44, P = 0.002) ( Figure 3 ) and increased mechanical dispersion (R = 0.48, P < 0.001), while no significant correlation was found between %PVC and EF (R = 0.22, P = 0.12). Mechanical dispersion was more pronounced in patients with %PVC > 8 ( Table 2) . %PVC correlated weakly with LVIDd (R = 0.32, P = 0.02) and RVOT diameter (R = 0.37, P = 0.02). No correlations were observed Resting heart rate did not differ between the patients with normal and abnormal myocardial function determined by GLS (P = 0.15) but was slightly higher in patients with >8%PVC (P = 0.02). There was no correlation between resting heart rate and GLS or EF (R = 0.21, P = 0.14, and R = 0.14, P = 0.32, respectively).
As expected, there was a significant correlation between GLS and EF (R = 0.53, P < 0.001). Furthermore, LVIDd and GLS correlated (R = 0.37, P = 0.007), as well as LVIDd and EF (R = 0.52, P < 0.001). Female subjects had smaller LVIDd than males (LVIDd 52 ± 5 vs. 57 ± 4 mm, P = 0.001), higher EF (58 ± 5% vs. 54 ± 7%, P = 0.009), and better GLS (À21.1 ± 2.8% vs. À19.1 ± 2.5%, P = 0.009).
By CMR, LVEF was 53 ± 6%, and RVEF was 51 ± 3%. There was a trend towards lower LVEF by CMR in patients with % PVC ≥ 8 (P = 0.06). There was a moderate correlation between CMR LVEF and %PVC (R = 0.44, P = 0.04) but no correlation between RVEF and %PVC (R = 0.13, P = 0.56). No subjects had CMR-criteria for ARVC 12 or signs of other heart disease.
Serious arrhythmic events
Eleven patients (21%) had experienced cardiac syncope and/or sustained VT requiring acute medical attention ( Table 3) . Compared with patients without events, these patients had wider PVC QRS duration (156 ± 19 vs. 142 ± 17 ms, P = 0.03), shorter SR QRS duration (82 ± 9 vs. 92 ± 11 ms, P = 0.006), and thus an increased QRS ratio (1.91 ± 0.30 vs. 1.56 ± 0.20, P < 0.001). QRS ratio was a marker of serious arrhythmic events, independently of age, sex, flecainide use, GLS, and RVLS ( Table 3) . Using the predefined QRS ratio ≥1.9 as a marker of an RVOT-free wall PVC origin, 13 serious events occurred in 7/9 (78%) patients with RVOT-free wall PVC origin, while only in 4/41 (10%) of patients with an RVOT septal wall PVC origin (P < 0.001). %PVC and resting heart Myocardial dysfunction in frequent PVCs 589 rate did not differ between patients without and with arrhythmic events (P = 0.71 and P = 0.82, respectively). In univariable analyses, GLS and RVLS were slightly better in patients with serious arrhythmic events; however, in a multivariable analysis, these associations were no longer evident.
Discussion
This study showed that a %PVC >8 was associated with impaired myocardial function in patients with OTA. This is only one third of the %PVC threshold suggested to impair cardiac function in previous studies, 7 indicating that early impairment of myocardial function can be detected by GLS and may warrant PVC-reducing therapy. Furthermore, serious arrhythmic events were relatively frequent, occurring in about 20% of patients. Serious arrhythmic events were associated with a suggested RVOT-free wall PVC origin. 
Myocardial function
Previous reports have defined %PVC >24 as a critical threshold for PVC-induced cardiomyopathy. 7 Our results indicated that a significantly lower %PVC may impair the myocardial function. An impaired myocardial function by GLS was evident already at %PVC >8, and %PVC was a robust marker of worse GLS independently of sex, age, and body surface area. Furthermore GLS correlated linearly with %PVC, while EF did not. GLS is superior to EF in detecting subtle myocardial dysfunction, in particular when EF is relatively preserved.
9,21 A GLS worse than À18% has been reported to be a sensitive and independent predictor of heart failure. 22 It may indicate the onset of adverse cardiac remodelling and be an early sign of heart failure also when EF is preserved. 23 We found abnormal myocardial function with reduced GLS and increased mechanical dispersion at a %PVC far below the previously suggested values, indicating that PVC inhibiting therapy may be considered in patients with less frequent PVCs than previously reported. This was further supported by a trend towards higher LVEF by CMR in patients with %PVC >8, although only a subset of patients underwent CMR. Furthermore, previous studies on PVC-induced cardiomyopathy have defined impaired LV function by EF <45-50%. 7,24-27 EF <45-50% indicates a clearly impaired systolic function, as novel reference values for EF define 52% (male) and 54% (female) as the lower normal values. 15 This may explain the higher %PVC thresholds reported in previous studies compared with our results. We observed a weak correlation between %PVC and proximal RVOT diameter, although the RVOT diameter did not differ between the patients with high and low %PVC. This study was not designed to evaluate the causal relationship. Future studies should explore whether the RVOT dilates with increasing %PVC or if a dilated RVOT elicits more frequent PVCs in OTA.
Premature ventricular contraction origin and serious arrhythmic events
Although OTA is normally considered a benign condition, as many as one fifth of our OTA patients had experienced sustained VT and/or syncope. This high frequency was likely to have been influenced by the frequent referral of patients with events for evaluation and treatment at our tertiary Myocardial dysfunction in frequent PVCs 591 centre and did probably not represent the true incidence of serious arrhythmic events in this patient group. Nevertheless, it highlights that OTA is not a uniformly benign condition. Patients with serious arrhythmic events had increased PVC QRS duration and shorter sinus QRS duration resulting in an increased QRS duration ratio, which has been associated with a PVC origin in the free wall of the RVOT. 13 The QRS ratio was an independent marker of serious arrhythmic events. Our study therefore indicated that OTA patients with PVCs from the RVOT-free wall may have a more malignant arrhythmic phenotype. Flecainide was more frequent in patients with serious events (n = 5). However, these five patients received flecainide after the serious arrhythmic event, excluding the interpretation of proarrhythmic effects of flecainide. The mechanism behind RVOT-free wall as a more malignant PVC origin was not explored in this study. Electrophysiological studies are needed to confirm the origin and to further explain our finding. Patients with events had a tendency to better GLS and RVLS than patients without events. However, when adjusted for confounders in multivariable analysis, this difference was no longer evident. Arrhythmic events were recorded retrospectively prior to echocardiography, with inherent uncertainties. These results may however indicate that fibrosis was not the arrhythmogenic aetiology in those with serious arrhythmic events and were supported by the lack of fibrosis on CMR and by measures of preserved GLS and mechanical dispersion. However, because of the limited number of serious events, negative findings should be interpreted with caution.
Clinical implications
Our results indicated that patients with OTA and >8%PVC (app. 8000 PVCs/24 h) should be evaluated by echocardiography to assess cardiac function and be considered for PVC inhibiting treatment. Myocardial function by GLS was reduced at >8%PVC, but although it was a sensitive functional correlate of PVC burden, our study did not investigate the prognostic impact of reduced GLS on long-term heart failure development. This study was not designed to investigate the treatment effects of inhibiting PVCs, but previous studies have demonstrated improved myocardial function after catheter ablation of the PVC focus. 28, 29 Future prospective clinical studies should explore whether discrete myocardial dysfunction is associated with risk of heart failure in OTA patients and whether heart failure treatment should be initiated at an early stage in addition to PVC inhibiting treatment.
A suggested RVOT-free wall PVC origin was associated with a more malignant clinical phenotype, a finding that should be evaluated in prospective clinical studies and confirmed by electrophysiological studies.
Limitations
The number of patients in the present study was limited. Furthermore, the PVC frequency is dynamic, 30 and our %PVC estimate was based on a single 24 h Holter recording. However, this is a reflection of everyday clinical practice. Our definition of abnormal GLS worse than À18% was based on a previous metaanalysis. 16 There is currently no clear consensus on the normal range of GLS, and the optimal range is probably vendor and labspecific. A referral bias due to selection of patients with serious arrhythmic events for evaluation and therapy at our tertiary centre may have overestimated the prevalence of serious arrhythmic events among OTA patients. The PVC origin was merely suggested by PVC morphology and QRS ratio and was not confirmed by invasive electrophysiological studies. However, the algorithm suggesting optimal ablation site in OTA has been validated to correlate well with the invasively established origin of PVCs. 13 We also recognize that because of a limited number of variables, there was a possibility of overfitting in the multivariable logistical regression analyses.
Conclusions
More than 8%PVC was associated with impaired myocardial function by GLS in patients with OTA, which is a considerably lower threshold of %PVC than previously reported. This finding indicates that patients with more than approximately 8000 PVCs/24 h should undergo strain echocardiography to evaluate cardiac function and to consider PVC inhibiting treatment if appropriate, although the prognostic value remains unclear. OTA is considered a benign condition, but one fifth had serious arrhythmic events. These patients more frequently had an RVOT-free wall PVC origin.
